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ABSTRACT 

This  investigation  deals  with  the  production  of  materials  containing  a dispersion  of  magnetic 
nanoparticles  in  an  insulating  matrix.  Such  a distribution  of  magnetic  centers  is  expected  to 
absorb  electromagnetic  radiation  in  a range  of  wavelengths.  Wiistite-magnetite  and  magnesia- 
magnesioferrite  nanocrystalline  ceramics  have  been  prepared  by  mechanical  milling  and  spark 
plasma  sintering.  As-milled  powders  have  a nanocrystalline  structure  in  both  systems.  Low 
energy  milling  gives  rise  to  an  increasingly  higher  volume  fraction  of  wiistite  as  a function  of 
milling  time  in  the  Fei.x0-Fe304  system.  Similar  results  are  obtained  in  the  Mg0-MgFe204 
system  with  increasingly  larger  amounts  of  MgFe204  produced  by  milling.  Composites  of 
magnetic  particles  (Fe304  or  MgFe204)  in  a nonconductive  matrix  (FeO  or  MgO,  respectively) 
are  found  in  the  sintered  samples.  Measurement  of  magnetic  properties  can  be  used  to  determine 
conclusively  the  nature  of  the  developed  phases  and  the  effect  of  grain  size. 

INTRODUCTION 

Materials  for  absorption  of  electromagnetic  waves  can  be  divided  into  basically  two  types.  One  of 
them  consists  of  pure  materials  such  as  ferrites  and  the  other  is  typically  a composite  including  a 
polymeric  supporting  phase  and  a magnetic  material  in  dispersion  or  forming  a characteristic 
arrangement.  Ferrites  have  high  potential  for  electromagnetic  wave  absorption  since  they  have 
frequency  dependent  physical  properties  such  as  permittivity  and  permeability.  There  are  several 
investigations  on  the  frequency  dispersion  of  complex  permeability  in  polycrystralline  ferrite  [1- 
3].  Such  properties  depend  on  the  chemical  composition  of  the  ferrite  and  on  the  postsintering 
density,  grain  size,  porosity  and  inter  or  intragranular  porosity  [3],  On  the  other  hand,  composite 
wave  absorbers  are  also  commonly  produced.  Takada  et  al.  [4]  report  the  properties  of  a Fer- 
rite/SiC  sintered  composite  showing  a dependence  between  the  volume  fraction  of  ferrite  and  the 
absorption  properties.  Arrangements  of  aligned  thin  magnetic  metal  particles  in  polymers  have 
also  been  successfully  used  as  electromagnetic  wave  absorbers  [5],  Nevertheless  few  efforts  have 
been  made  to  evaluate  the  effect  of  a nanostructure  (including  grain  size  and  scale  of  the 
magnetic  centers)  on  the  wave  absorbing  properties  of  this  type  of  materials.  This  investigation 
deals  with  the  production  of  a wave  absorber  by  using  mechanical  milling.  Such  an  experimental 
method  produces  nanostructured  materials  usually  in  a non  stable  condition  but  proper  heat 
treatment  can  be  used  to  achieve  the  desired  dispersion  of  nanomagnetic  particles  in  the 
insulating  matrix.  This  report  summarizes  the  production,  magnetic  properties  and 
characterization  of  materials  designed  for  electromagnetic  wave  absorption. 

EXPERIMENTAL  PROCEDURE 

Materials  containing  particles  of  MgFe204  (magnesioferrite)  in  a Mg,i_x)FexO  (magnesio-wustite) 
matrix  and  particles  of  Fe304  (magnetite)  into  FexO  (wustite)  have  been  produced  by  the 
mechanochemical  reaction  of  pure  components  in  low,  high  and  ultrahigh  energy  mills 
(horizontal,  planetary  and  Spex  mills,  respectively).  All  powder  handling  was  performed  in  an 
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Ar-filled  glove  box  with  an  oxygen  content  below  0.01  ppm.  Consolidation  of  powders  was 
performed  by  spark  plasma  sintering  (SPS).  Cylindrical  solid  samples  of  18  mm  or  13  mm  in 
diameter  and  5 mm  of  thickness  were  produced  by  sintering  at  high  temperature  (873  to  1273  K) 
and  low  pressure  (50  MPa)  or  at  low  temperature  (673.  773  K)  and  high  pressure  (100  MPa). 
Microstructural  characterization  was  done  by  means  of  X-Ray  diffraction  (Siemens  D-500,  Cukk 
XRD),  scanning  electron  microscopy  (JSM-200,  SEM),  transmission  electron  microscopy 
(Hitachi  800,  TEM)  and  high  resolution  electron  microscopy  (Philips  CM300,  HREM). 
Measurement  of  magnetic  properties  was  made  in  a vibrating  sample  magnetometer  (Riken 
Dcnshi  Co.,  VSM).  Identification  of  the  iron  containing  phases  was  made  by  Mossbauer  spectros- 
copy (Source  Co-60,  MoS). 

RESULTS  AND  DISC.USION 

XRD  patterns  of  powders  in  the  FexO-Fcx04  system  milled  in  a horizontal  mill  indicate  a 
reduction  of  grain  size  and  a variation  of  the  unit  cell  dimensions.  Fig.  la  shows  the  XRD  of 
different  samples  milled  for  1000  h.  A variety  of  starting  materials  has  been  used,  pure  FciOj, 
Fe.iCL  with  additions  of  Fe  or  C and  FeiOi  together  with  Fe.  The  obtained  XRD  patterns  have 
broad  intensity  maxima  at  similar  angular  positions  suggesting  the  formation  of  the  same  phases 
in  all  cases.  The  angular  positions  expected  for  the  pure  phases  are  also  indicated  in  the  lower 
section  of  this  figure.  It  can  be  seen  that  the  experimental  angular  positions  do  not  correspond  to 
either  of  the  equilibrium  phases  (FcxO,  FeiOi  or  Fe.iOj).  They  are  close  to  wustite  or  magnetite 
and  thus  the  experimental  peak  positions  can  be  interpreted  either  as  a Fe-lean  non-equilibrium 
wustite  phase  or  as  a Fe-rich  non-equilibrium  magnetite.  However,  consideration  of  the  peak 
displacements  suggests  that  an  Fe-lean  wustite  is  formed  during  milling  with  some  minor 
amounts  of  magnetite.  The  Mg0-MgFc.i0.i  system  is  represented  in  Fig.  lb  that  shows  XRD 
patterns  corresponding  to  the  sample  MgO-4  cat.%  Fe  after  different  milling  times.  The  mixture 
was  prepared  with  powders  of  Fe:Oi  and  MgO  as  starting  materials.  Fig.  lb  shows  that  low 
amounts  of  FciOj  can  be  dissolved  into  the  MgO  lattice  producing  lattice  distortions  that  give  rise 
to  variation  of  the  expected  angular  positionso  of  MgO.  The  displacement  is  always  towards  large 
lattice  spacing  and  thus  it  is  likely  that  the  MgO  lattice  saturates  with  Fe  and  thus  the  as-milled 
microstructure  is  composed  mostly  of  Mg|.xFcxO.  Other  peaks  indicate  the  presence  of  MgFe^Oa, 
especially  after  long  milling  times.  The  XRD  maxima  in  the  patterns  also  show  broadening 
indicating  a reduction  of  the  crystal  size. 


Figure  1.  XRD  patterns  of  powders  after  milling  1000  h in  a horizontal  mill  from  the  FexO-Fei04 
system,  (b)  XRD  patterns  of  MgO-4cat.%  Fe  before  and  after  milling  in  a Spex  mill. 
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Figure  2 shows  a typical  view  of  the  grain  structure  of  the  as-milled  powder  particles.  In  this  case 
the  sample  is  Fe304  with  addition  of  12  wt.%  Fe  after  200  h of  milling.  Nanosized  grains  can  be 
clearly  seen  with  an  average  size  of  10  + 8 nm  (Fig.  2a).  The  corresponding  diffraction  pattern  is 
given  in  Fig.  2b,  the  somewhat  diffuse  rings  are  typical  of  fine  grained  materials  and  the  angular 
positions  allow  identification  of  the  phases  Fe304  and  FexO. 
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Figure  2.  (a)  Dark  field  TEM  image  of  sample  FC3O4+ 1 2 wt.%Fe  milled  in  a horizontal  mill  for 
200  h.  It  was  taken  with  the  overlapping  reflections  (222)  of  Fej04  and  (111)  of  FexO.  (b) 
Diffraction  pattern. 


Mossbauer  spectroscopy  (MoS)  has  been  used  to  identify  the  nature  of  the  iron-containing 
phases.  Fig.  3a  shows  an  example  that  corresponds  to  pure  Fe304  milled  for  500  and  1000  h in  a 
horizontal  mill.  They  consist  of  two  separate  sextets  (magnetic  effect,  see  i and  ii)  and  one  pair  of 
overlapping  doublets  (paramagnetic  effect,  see  / and  II).  Thus  only  two  phases  can  be  identified 
i.e.,  magnetite  and  wiistite.  The  spectra  exhibit  a magnetic  relaxation  as  a function  of  the  milling 
time  i.  e.,  the  intensity  of  the  sextets  (magnetite  phase)  is  smaller  for  the  sample  milled  for  1000  h 
and  therefore  the  amount  of  Fei.xO  increases  with  longer  milling  times.  Quantitative  evaluation 
shows  an  increase  from  66.6  % to  74  % for  500  and  1000  h of  milling.  In  addition,  the  spectra 
present  a strong  absorption  asymmetry,  which  can  be  related  to  disordered  phases  or  nanosized 
grains.  These  results  suggest  that  during  milling  magnetite  transforms  into  wustite.  The  same 
tendency,  i.e.  formation  of  a solid  solution,  is  found  for  the  other  investigated  mixtures.  Figure  3b 
shows  the  MoS  spectra  of  MgO  - 4 cat.%  Fe  milled  for  40  and  120  h in  a Spex  mill.  The 
spectrum  of  the  sample  milled  for  40  h consists  of  two  sextets  (magnetic  effect,  see  i)  and  two 
doublets  (paramagnetic  effect,  see  ii).  The  magnesio wustite  (Mg|.xFexO)  phase  produces  the  two 
doublets  and  the  magnesioferrite  (MgFe204)  the  two  sextets  in  the  MoS  spectrum.  Quantitative 
evaluation  shows  that  the  as-milled  powders  are  rich  in  magnesioferrite  (75%  refered  to  the  total 
amount  of  Fe-containing  phases)  with  low  amounts  of  magnesiowiistite.  On  the  other  hand,  the 
spectrum  of  the  sample  milled  for  120  h consists  of  one  sextet  (see  /),  two  doublets  (see  II)  and 
one  singlet  (see  III).  The  doublets  are  related  to  magnesiowiistite  (a  total  content  of  80  %)  and  the 
sextet  is  due  to  pure  iron  (20  %).  These  results  suggest  that  the  mechanochemical  reaction 
between  MgO  and  Fe^CE  ends  before  120  h of  milling  and  also  that  the  magnesioferrite  formed  at 
shorter  milling  times  (40  h)  transforms  into  magnesiowiistite  if  milling  is  continued  further. 
Measurement  of  magnetic  properties  of  as-milled  powders  also  indicates  the  formation  of  a new 
magnetic  phase  during  milling  i.e.,  magnesioferrite.  Thus  a similar  transformation  sequence  is 
observed  in  this  system  in  that  the  spinel  oxide  precedes  the  formation  of  the  solid  solution  i.e., 
MgO+FeiCE— >Mg0+MgFe204— > Mg<  i-xjFexO. 

Figure  4 shows  measurements  of  magnetization  (M)  as  a function  of  applied  field  (H)  in  the 
wiistite-magnetite  system  after  mechanical  milling  in  a horizontal  mill.  Measurements  of  samples 
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containing  magnetite  as  starting  material  show  a decrease  of  saturation  magnetization  Ms  as  a 
function  of  milling  time.  A different  behavior  is  observed  in  the  sample  prepared  with  hematite  as 
shown  in  Fig.  4a  (FeiO.i  + 15  wt.%  Fe),  where  Ms  shows  a fluctuation  in  value.  The  monotonic 
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Figure  3.  MoS  spectra,  (a)  Pure  FC3O4  milled  500  and  1000  h in  a horizontal  mill,  (b)  MgO-4 
cat.%  Fe  powders  milled  40  and  120  h in  a Spex  mill. 


reduction  in  M.,  can  be  seen  in  Fig.  4b  (Ms  Vs  milling  time)  that  shows  a summary  of  results  for 
the  as-milled  powders.  Such  a trend  can  be  explained  by  the  transformation  of  magnetic  phases 
into  non-magnctic  phases  i.e.,  magnetite  and/or  iron  into  wiistite.  A net  reduction  of 
approximately  50%  in  Ms  is  seen  when  comparing  M„  values  after  50  and  1000  h of  milling. 
However,  the  transformation  of  magnetic  phase  into  paramagnetic  wiistite  is  not  complete  even 
after  1000  h of  milling  due  to  the  applied  low  energy  processing.  A different  behavior  is  seen  for 
the  sample  prepared  with  FezO.i  as  starting  material.  There  is  an  increase  of  the  M,  value  for 
milling  times  up  to  500  h.  Additional  milling  promotes  M,  values  similar  to  those  found  for  other 
samples.  Apparently  FcjOj  first  transforms  into  Fc.iOjupon  milling  and  then  to  FcxO.  Therefore 
the  decomposition  sequence  appears  to  be  Fc+FciCF— >Fc.i0.j— >FcxO.  This  can  also  be  predicted 
from  the  relative  values  of  the  oxides  free  energy  of  formation  [6].  Thus  the  initial  components 
have  a definite  influence  on  formation  of  phases  during  milling.  On  the  other  hand,  the  central 
sections  of  the  hysteresis  loops  are  magnified  and  shown  in  the  insert  of  Fig.  4a.  This  can  be  used 
to  evaluate  the  cocrcivity  of  the  as-milled  powders  (half  width  of  hysteresis  loop  with  no  induced 
field,  M).  As  seen  in  Fig.  4a,  the  cocrcivity  remains  constant  in  this  sample  as  a function  of 
milling  time,  indicating  that  the  size  of  the  magnetic  domains  is  independent  of  such  a variable. 


Figure  5 shows  representative  measurements  of  magnetic  properties  in  sintered  samples.  Fig.  5 
corresponds  to  pure  Fe.iOj  milled  for  500  and  1000  h and  sintered  at  1073  and  1173  K.  Lower 
saturation  magnetization  values  arc  achieved  in  these  samples  with  respect  to  the  as-milled 
powders  (sec  Fig.  4b).  This  suggests  that  a phase  transformation  takes  place  during  the  sintering 
process,  most  likely  a transformation  to  oversaturated  wiistite  (paramagnetic)  which  represents 
the  solid  solution  of  Fe  and  O.  This  phase  can  still  transform  upon  aging  to  wiistite  and  magnetite 
in  mctastablc  equilibrium  as  shown  in  [7]  for  materials  prepared  by  conventional  melting 
techniques.  In  addition  the  relative  differences  among  the  curves  shown  in  Fig.  5 can  be  ex- 
plained on  the  basis  of  two  effects  i.e.,  the  magnetic  domain  size  (s,„)  and  the  volume  fraction  of 
magnetite  (fv).  A higher  fv  of  magnetite  produces  a higher  Ms  value  while  a smaller  s,„  gives  rise 
to  a higher  cocrcivity.  The  central  sections  of  the  hysteresis  loops  have  been  magnified  and  are 
shown  in  the  insert  in  to  to  depict  the  differences  in  coercivity. 
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Figure  4.  Magnetization  curves  of  wiistite  magnetite  system  after  milling  in  a horizontal  mill,  (a) 
Fe2C>3  + 15  wt.%  Fe.  (b)  Saturation  magnetization  (Ms)  as  a function  of  the  milling  time. 

Thus  for  example  the  sample  milled  for  1000  h and  sintered 
at  1073  K contains  a finer  distribution  of  magnetic  particles 
in  the  paramagnetic  FexO  matrix.  Flowever  in  all  cases  in 
Fig.  5,  the  formation  of  a fine  dispersion  of  magnetic 
particles  in  a matrix  of  FexO  is  evident.  Therefore  it  is 
possible  to  control  the  magnetic  behavior  by  controlling  the 
milling  time  and  the  sintering  temperature. 

The  final  microstructure  after  SPS  depends  on  the  sintering 
conditions.  Low  sintering  temperatures  produce  microstruc- 
tures composed  of  fine  nanograins  around  30  nm  in  average 
size  and  very  similar  to  the  microstructures  of  as-milled 
powders.  SPS  at  1073  K gives  rise  to  equilibrium  phases  in 
most  cases.  In  addition,  the  grain  size  depends  on  the  processing  temperature.  For  example 
powders  of  pure  FejCL  milled  for  1000  h produce  an  average  size  of  230  ± 120  nm  if  sintered  at 
1 173  K while  a value  of  150  ± 70  nm  is  found  for  sintering  at  1073  K.  In  general  sintering  below 
1073  K allows  retention  of  the  nanocrystalline  grain  structure. 


Fig.  5.  Magnetization  curves  of 
sintered  FesCL  samples. 


As  sintered  samples  have  a characteristic  dispersion  of  phases.  Fig.  6 shows  darks  field  images 
and  diffraction  patterns  of  some  grains  in  a sample  sintered  at  1273  K after  500  h of  milling  with 
a nominal  composition  of  Fe3C>4  with  15  wt.%  Fe.  The  images  have  been  obtained  in  dark  field 
by  using  the  satellite  reflections  of  the  diffraction  patterns.  The  modulated  microstructures  are 
typical  of  an  spinodal  decomposition  process  (see  arrows).  Nucleation  by  an  spinodal  mechanism 
is  rarely  seen  in  ceramic  phases  and  it  can  appear  in  this  wustite  - magnetite  system  among  other 
factors  because  of  the  close  structural  similarities  between  the  two  lattices.  The  oxygen  sublattice 
is  common  in  the  two  lattices  giving  a perfect  coherency  between  the  two  phases  and  only  the  Fe 
content  changes  to  produce  the  typical  composition  modulation  on  the  spinodal  decomposition. 
The  microstructure  formed  during  sintering  has  been  also  observed  by  means  of  HREM.  Fig.  7 
shows  experimental  and  processed  images  of  the  sample  Fe3C>4-15wt.  % Fe  milled  for  200  h and 
sintered  at  1173  K.  Two  different  orientations  are  given  in  this  figure  i.e.,  [100]  and  [110]  as 
shown  in  the  inserted  diffraction  patterns  obtained  from  a Fourier  transform  of  the  experimental 
image.  The  experimental  images  (Figs.  7a  and  7c)  show  the  presence  of  domains  where  different 
spacings  of  the  structural  lattice  are  apparent.  Such  domains  can  be  seen  more  easily  in  the 
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Figure  6.  TEM  images  from  Fe.iO.i- 1 5wt.%  Fc  milled  for  500  h and  sintered  at  1273  K.  (a)  and 
(c)  Dark  field  images  form  [200]  reflections,  (b)  and  (d)  Electron  diffraction  patters  showing 
satellite  reflections. 


processed  images.  The  processing  consists  in 
creating  a Moire  pattern  with  a selected 
reflection  from  the  diffraction  pattern.  The 
differences  (if  any)  in  the  periodic  distribution 
created  by  domains  nucleated  independently  as 
in  the  case  of  an  spinodal  decomposition  can 
then  be  more  easily  observed. 

CONCLUDING  REMARKS 

A fine  distribution  of  magnetic  particles  in  a 
nonconduct  i vc  matrix  can  be  produced  by 
mechanical  milling  and  sintering  in  the  systems 
Fe\OT:e;,0.t  and  MgO-MgFejOj.  It  is  noticed 
that  phase  formation  is  related  to  the  relative 
values  of  the  energy  of  formation.  The  spinel 
phase  precedes  the  formation  of  the  oxygen 
solid  solution  in  both  systems  under 
investigation. 
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